Highlights
•
The feasibility of coupling electrochemical and biological processes to treat concentrated nitrate solutions was examined. • The produced NH 4 + was then used as a nitrogen source in anaerobic batch culture of heat treated activated sludge.
• Complete assimilation of the obtained NH 4 + with production of an acceptable H 2 yield (0.35 mol H 2 /mol glucose) was recorded.
• Environmentally friendly coupled process was developed.
Abstract
The main objective of this work was to examine the feasibility of coupling electrochemical and biological processes to destroy nitrate ions (NO 3 -) while producing biohydrogen. In this integrated process NO 3 -was firstly converted to ammonium using an electrochemical flow cell. After only one pass of concentrated nitrate solutions (3 g NO 3 -L -1 ) through the flow cell, ammonium ions selectivity of 98.8%, corresponding to 0.86 g NH 4 + L -1 was recorded. The obtained ammonium solution was then tested as a nitrogen source to produce H 2 in a batch system involving heat-treated aerobic activated sludge.
In the optimal conditions corresponding to pH 5.5 and initial glucose concentration of 15 g L -1 , consumption yields were 97% and 82% for ammonium and glucose, leading to H 2 yield of 0.35 mol H 2 mol -1 glucose consumed . The H 2 production was associated with acetic/ butyric acids type fermentation. Obtained biogas contains only H 2 and CO 2 and was free of methane, hydrogen sulphide and nitrous oxide. Therefore, the targeted A C C E P T E D M A N U S C R I P T
Introduction
Nitrate contamination of groundwater, lakes or rivers has attracted increasing global concern due to several impacts on human health (e.g., gastrointestinal cancer, liver damage) and aquatic ecosystems (e.g., eutrophication) [1] . In this respect, the removal of NO 3 -has been extensively investigated over the last few decades.
Many processes are currently used to eliminate NO 3 -ions from contaminated waters.
Nevertheless, there are some disadvantages with these methods that limit their utility for large scale application:
(1) Physicochemical processes such as ion exchange, reverse osmosis and electrodialysis are costly and not destructive [2] . Hence these methods lead to concentrated effluents of nitrates (≥ 3g L -1 ) [3] that are very difficult to treat.
(2) Biological denitrification, which mainly involves facultative anaerobes, leading to the need for anoxic conditions in order to reduce nitrate to nitrite (NO 2   - ) and subsequently to nitrogen gas (N 2 ), according to the following sequence [4] : the biodenitrification of high NO 3 -wastewater. First, this process is slow and lasts many days particularly for high strength nitrate waste [5, 6] . Secondly, nitrate elimination can be hampered by the accumulation of nitrite during the process, because NO 2 -is an inhibitor of microbial growth [6] .
(3) Electrochemical reduction of NO 3 -which receives, in analytical scale, more and more attention due to its advantages, namely its ease of use, low investment costs and environmental friendliness particularly if the resulting product is N 2 gas [7] . However, the main problem in this approach is that the transformation of NO 3 -to nitrogen is a difficult reaction since both the rate and the selectivity of the reduction are usually low [8] .
One promising and attractive way of treatment which can lead to interesting solutions consists in the coupling of an electrochemical process to a and biological treatment [9] .
For this purpose, on the one hand, according to the literature, nitrate electroreduction has been widely studied using several electrodes materials such as Pt, Pb, Ni, Zn,Pd, Cu, Ag and Au. Among these materials, Copper (Cu) is known to exhibit the highest electrocatalytic activity for the nitrate reduction by mainly producing ammonia as final product [10] . On the other hand, many researchers focused on the use of inorganic ammonium (NH 4 + ) as a potential nitrogen source for biological hydrogen production [11] [12] [13] [14] [15] ; and the use of cheap inorganic nitrogen source appears relevant from an economical point of view, contrarily to organic nitrogen sources such as yeast extract [16, 17] and polypepton [18, 19] which are often more expensive. For these reasons, from an environmental and economical point of view, an electroreduction of nitrate to
+ over copper cathode can be considered as an attractive way, since it allows not only pollutant treatment, nitrate, but also possible valorization of the treated effluent.
Therefore, the combination of nitrate electrochemical reduction and the use of the obtained ammonium solutions as a nitrogen source in a microbial culture is proposed in this study, for the first time to our knowledge.
Hydrogen is considered as an ideal and clean energy carrier owing to its high energy content and non-polluting nature, since its combustion product is water [20] . H 2 may be produced by various processes such as thermocatalytic reformation of hydrogen rich substrates, electrolysis of H 2 O, as well as various biological processes [21, 22] . Among these methods biohydrogen production by microorganisms is regarded as one of the most promising alternatives for sustainable production due to its potential for low-cost, inexhaustible and renewable source of clean energy [20] .
Biohydrogen production under anaerobic conditions can be classified into two different categories according to the type of microorganisms employed: dark-fermentative hydrogen production and photofermentative hydrogen production [23] . Darkfermentative has more advantages than photofermentation hydrogen production, including high hydrogen production rate, energy savings, lower maintenance costs, simple process control and broad spectrum of feedstock [24] . Let's add its applicability to different types of wastewaters and organic wastes from industrial processes [25] , reducing furthermore waste disposal problems.
Fermentative hydrogen production processes via mixed cultures are more practical than those using pure cultures, because the former are easier to control and simpler to operate [26] . At present, the microbial consortium present in anaerobic sludge are the most widely used as inoculum for fermentative hydrogen production [27] [28] [29] [30] [31] [32] . But according
to our knowledge, up to now only few studies in the literature focused on the capacity of aerobic activated sludge for biohydrogen production [33, 34] . However, it should be noted that such inoculum has the advantage of containing mostly facultative anaerobic hydrogen-producing bacteria which are very robust and not inhibited by the presence of oxygen trace who accidentally enter in the bioreactor; these facultative anaerobes are then able to install the anaerobic conditions conducive to hydrogen production.
Moreover aerobic activated sludge is relatively more available than anaerobic one.
Whilst biological process is considered as a promising approach for hydrogen production, the high production cost is still a key issue for projecting this technology to an industrial-scale. Nitrogen and carbon feedstock represents 30-40% total costs of fermentative hydrogen production [35] . Thus, finding an alternative nitrogen source as substitute for commercial products to reduce the total costs of biohydrogen production would be interesting. For this purpose, the main objective of this report is the energetic valorization of ammonium solution resulting from nitrate electrochemical treatment.
To achieve this goal, a flow electrochemical process was first developed, allowing a selective and quantitative transformation of concentrated nitrate solutions into ammonium. In a second step, the obtained ammonium solution was used as a nitrogen source to evaluate the feasibility of biohydrogen production by dark fermentation. 
Materials and Methods

Electrochemical nitrates pretreatment
concentration was chosen to be similar to the real effluents obtained after ion exchange treatment process of nitrate-contaminated drinking water [3, 36] .
Nitrate electrochemical reduction was carried out at room temperature in a single pass through a home-made flow cell presented in Fig.1 .
Figure 1
The working electrode was a copper porous material (5.6 cm diameter and 0.3 cm thickness) prepared as previously described [37] . Graphite felt (RVG 4000) used as metal electrodeposition support was supplied by MERSEN (Paris La Defense, France).
Its specific area, measured by the BET method was 0.7 m 2 g -1 , its density was 0.088 g cm -3 and its carbon yield was 99.9%. The homogeneity of the copper coating obtained after metal electrodeposition was checked by scanning electron microscopy (SEM) The performance of the flow cell was evaluated from the electrochemical conversion of nitrate into ammonium after one pass through the flow cell, considering the following parameters: the chemical yield of ammonium formation (% X NH4+ ) (Eq. 2) and the selectivity based on the ammonium yield (% S NH4+ ) (Eq. 3). After only one pass through the electrochemical flow cell, the solutions were collected for subsequent biohydrogen production experiments.
Culture and Medium
Biological hydrogen production was carried out in anaerobic conditions, using activated sludge collected from the aeration tank of a local wastewater treatment plant (Beaurade, Rennes, France). Prior to use, activated sludge was first washed three times with tap water and three times with ultrapure water [38] . After each washing, sludge was centrifuged at 4000 rpm for 10 min (Jouan, Thermo Fisher Scientifics, Saint Herblain,
France), and the supernatant was then separated from the sludge to remove any residual carbon or mineral source. Just before the last centrifugation the cells were sieved to remove sand, stones, and other coarse matters. In order to inactivate hydrogenotrophic methanogens and to enrich H 2 -producing bacteria the sludge was heat-treated at 102°C
for 90 min before use.
The reactors were inoculated with the heat-treated sludge (4 g L -1 ) and grown on glucose used as a carbon source in a mineral salt medium (MSM). The MSM was buffered to a pH of 5.5 or 6.2, using 0.07 M of 2-(N-morpholino) ethanesulfonic acid monohydrate (MES) [14] . These pH values were chosen, since they were close to the optimal values for hydrogen production and since they can be achieved with MES, an inexpensive and nontoxic buffer [14, 39] . Batch experiments were conducted using 125 mL glass bottles with a working volume of 100 mL. The bottles were flushed with nitrogen for 5 min to provide anaerobic
conditions, capped with a rubber stopper to allow sampling with a syringe and placed in a shaker at 180 rpm. Experiments were performed at a constant temperature (37°C± 1).
To take into account a possible effect of nutrients coming from the solubilization of sewage sludge by thermal pretreatment, one inoculated additional bottle containing the medium without addition of the nitrogen and glucose sources was used as a control test for biohydrogen production in the absence of added carbon and nitrogen substrates. All tests (except the biotic control) were run in duplicates.
In order to find the optimal conditions for biohydrogen production, initial pH (pH 5. ppm for H 2 S, 250 ppm for N 2 O and 500 ppm for CO 2 and CH 4 . Analytical precision for all compounds was around 2% at calibration level and near 10% below 20 ppm.
Detection limit was around 2 ppm for all compounds.
Produced organic acids and alcohols were analyzed in the aqueous phase using a gas chromatograph (Focus GC Thermo) equipped with a flame ionization detector (FID).
The 
Results and Discussion
3.1. Biohydrogen production using synthetic NH 4 + solution
Owing to its greater availability if compared to anaerobic activated sludge which is often used for biohydrogen production, aerobic activated sludge was considered to 
Glucose consumption, Hydrogen yield and metabolites
Hydrogen yields were calculated for all batch reactors based on the amount of glucose consumed and the amount of hydrogen produced. The result are displayed in Fig.3 . . A similar optimal glucose concentration (13.5 g L -1 ) was reported by [12] in batch biohydrogen production study. The increase of the H 2 yield Fig.3(a) should be most likely related to an insufficient availability of the carbon source at glucose concentrations below 15 g L -1 . The increase of the initial glucose concentration from 5 to 20 g L -1 led to an increase of the amount of glucose assimilated by the microorganisms from 4.7 g L -1 to 10 g L -1 , while above 20 g L -1 , glucose consumption decreased to 3.8 g L -1 , namely about 13% consumption yield (Fig.(3a) ), as also the case for the H 2 yield recorded at pH 5.5.
A C C E P T E D M
A N U S C R I P T Fig.3 (b) shows that at pH 6.2, the increase of the initial glucose concentration did not lead to an improvement of the H 2 yield. Whatever the initial glucose concentration the hydrogen yield was nearly constant at 0.12 mol H 2 mol -1 glucose consumed . Regarding glucose consumption (Fig.3(b) ), at initial glucose of 5 g L -1 , the recorded glucose degradation amount was 4.98 g L -1 corresponding to a glucose conversion of 99.6 %.
Beyond 5 g L -1 , it increased to 8 g L -1 and remained nearly constant at this value.
The decrease of biohydrogen production yield beyond a given glucose amount has also been reported in the literature. In their study on the effect of substrate concentration on biohydrogen production kinetics from food industry wastewater, [11] found that growth rates significantly decreased at high substrate concentrations. At pH 5.5, [40] also found a similar behavior, namely constant H 2 production yields for an influent glucose concentration of 10 to 30 g L -1 , while it decreased at 40 g glucose L -1 ; for these authors, high glucose concentrations promotes the generation of self-produced volatile acids, especially butyric and acetic acids, which have an inhibitory effect on biohydrogen production. It is in agreement with our observations, since for both pHs the amount of produced acetic acid increased with the initial glucose concentration (Table 1) .
Table1
Accordingly, it is noteworthy that acetate buffer pH 5 (CH 3 COOH/CH 3 COO -10 -3 M /10 -3 M), which can also plays the role of the carbon source, cannot be considered owing to the inhibitory effect of acetic acid on biological hydrogen production, as experimentally confirmed (Table 2) . Table 2 The profile of the metabolites present in the liquid phase under different feeding glucose concentration is presented in table 1 and shows that at pH 5.5 the main soluble product was acetic acid followed by butyric acid. When 5 g L -1 glucose were added in the reactor the heat-treated aerobic activated sludge produced approximately 1499 mg L -1 ethanol but only low amounts of acetic and or butyric acids (Table 1 ). An increase of the initial glucose concentration from 10 to 30 g L -1 resulted in an increase of the production of acetic and butyric acids, while ethanol production decreased. This was indicative of H 2 production favored process. In contrast, at pH 6.2 (Table 1) , whatever the initial glucose concentration ethanol followed by butyric acid were the two most abundant species in the effluent. This metabolite shift indicated that the increase of initial pH from 5.5 to 6.2 led to a switch from acetic / butyric acid to ethanol / butyric acid pathway, respectively. Low amounts of n-butanol, ethyl acetate and acetaldehyde were detected during all experiments. It is noteworthy that acetaldehyde is an intermediate of ethanol-producing metabolic pathway. This pathway does not produce H 2 like the acetate and butyrate pathways do [41] .
Concerning the pH effect, it should be mentioned the more pronounced impact on hydrogen production than on glucose consumption. H 2 yields were always significantly higher at pH 5.5 ( Fig.3 (a) ) if compared to pH 6.2 ( Fig.3 (b) ). It was especially noticeable for the optimal glucose amount (15 g L -1 ) where similar amounts of glucose Xiao et al [15] found that hydrogenase activity decreased significantly with increasing culture pH and that weak acidic conditions favored hydrogen production. Maximum hydrogenase activity was obtained at pH 5. Final pH values obtained after 48 hours of batch culture (Fig.4) were similar, namely close to 3.4-3.5 and to 3.7-3.8 for initial pH values of 5.5 and 6.2 respectively. pH decrease can be attributed to the formation of acidic products, mainly acetic acid generated during the course of glucose dark fermentation (Table 1) , in agreement with the literature [43] .
Ammonium consumption and final pH
Biogas composition
Micro GC analyses showed the absence of methane, H 2 S (hydrogen competitor) and N 2 O formation throughout experiments including the biotic controls. However, contrarily to the control realized without the addition of nitrogen and glucose sources at both pH values, 5.5 and 6.2. The biogas comprised only H 2 and CO 2 . At pH 5.5 (Fig.5) , the carbon dioxide content in the biogas followed an opposite trend to that of hydrogen. Figure 5 However at pH 6.2, whatever the initial glucose concentration, the hydrogen and carbon dioxide contents were approximately constant at 23% and 77 %, respectively.
The absence of CH 4 proved the efficiency of the heat-treatment method used to enrich H 2 -producing inocula from aerobic-mixed cultures. Indeed, the presence of hydrogen and the absence of methane can be explained by the fact that, during the enrichment, the H 2 -consuming hydrogenotrophic methanogens were inactivated or inhibited, whereas the H 2 -producing bacteria, e.g. clostridia, survived. Indeed, endospores from the latter bacteria are very resistant to heat and cannot be easily inactivated or inhibited even by harsh chemicals [44] . Besides, the absence of biohydrogen production in the biotic control indicated that no nutrient were solubilized during the thermal pretreatment of activated sludge. and pH 5.5 were considered thereafter to produce biohydrogen using an ammonium solution resulting from the electroreduction of nitrate solutions (3 g NO 3 -L -1 ).
Nitrate electrolysis were realized with NO 3 -solutions of 3 g L -1 ; this concentration has been chosen to be in similar conditions than real effluents obtained after a classical physicochemical denitrification of polluted waters [3] . Two supporting electrolytes were chosen to prepare NO Experiments were performed under the optimal conditions determined in a previous study [37] namely a flow rate of 2 mL min -1 and a current intensity of (1.24 A) applied between the copper porous electrode and the counter electrodes (Fig.1) . It is interesting to note that the consumed electric energy was 2.56 kW.h / kg NO 3 -, corresponding to an electricity price of 0.2 € / kg NO 3 -.
Nitrate electrochemical reduction occurs according to reaction 1. Reactions (1), (2) and (3) take place at the cathode and produce more hydroxyl anions than the protons formed at the anode (reaction 4). Consequently, the pH value should increase during electrolysis more or less strongly according to the chemical yield of nitrate reduction. 
Owing to the high nitrate concentration this behavior may be amplified and hence a buffered solution was chosen as an electrolytic medium (phosphate buffer). After a was therefore quasi quantitative in the acidic solution with a % X NH4+ of 92.5%; a very high ammonium selectivity was also obtained with a S NH4+ of 98.8 % (Table 3) . Table 3 As shown in table 3, after 48 h incubation, higher biohydrogen production as well as ammonium and glucose consumption yields, than those recorded using a synthetic solution of ammonium were achieved, 0. (Table 3) .
The feasibility of the use, as a substitute for commercial nitrogen source, ammonium solution generated by nitrate electrochemical reduction for biohydrogen production was therefore confirmed. In addition, it was shown that biohydrogen can be produced via aerobic activated sludge. Moreover, this coupled method allows the elimination of high nitrate concentrations with the production of an acceptable amount of hydrogen, decreasing therefore the global cost of the denitrification process.
Conclusion
This study demonstrates for the first time to our knowledge the feasibility of coupling In summary, an environmentally friendly coupled process where the pollutant, nitrate, was valorized as a nitrogen source to produce an acceptable yield of biohydrogen via an aerobic activated sludge was developed. The optimization of hydrogen production using more adequate inoculum, namely anaerobic activated sludge, is in progress to continue the present work. A C C E P T E D M A N U S C R I P T 
